Abstract. This investigation was performed to experimentally investigate the enhancement of heat transfer and the friction of an annulus in a double pipe heat exchanger system with rectangular grooves in the turbulent flow regime. The shell is made of acrylic and its diameter is 28 mm. The tube is made of aluminium and its diameter is 20 mm. Grooves were incised in the annulus room with a circumferential pattern, with a groove space of 2 mm, a distance between the grooves of 8 mm and a groove height of 0.3 mm. The experiments consist of temperature and pressure measurement and a flow visualization. Throughout the investigation, the cold fluid flowed in the annulus room. The Reynold number of cold fluid varied from about 31981 to 43601 in a counter flow condition. The volume flow rate of hot fluid remains constant with Reynold number about 30904. Result showed the effect of grooves, which are applied in the annulus room. The grooves induce the pressure drop, the pressure drop in the grooved annulus was greater by about 15.88 % to 16.72 % than the one in the smooth annulus. The total heat transfer enhancement is of 1.09-1.11. Moreover, the use of grooves in the annulus of the heat exchanger not only increase the heat transfer process, but also increase the pressure drop, which is related to the friction factor.
Introduction
Heat exchanger is the most important device for handling the thermal energy in many industrial applications, such as power plants, waste heat recovery, chemical, automotive, food handling, refrigeration and air conditioning and many other application. The important parameters of a heat exchanger are temperature of fluid at the inlet and outlet, flowrate of each fluid and the pressure drop [1] . More reasons to consider the application of a heat exchanger are simplicity and easy maintenance. The double pipe heat exchanger is the best candidate for these. To improve the thermal performance of a heat exchanger, many techniques have been developed. One of the surface modifications for an increase of the heat transfer in the turbulence flow are grooves. Groove, as a passive technique, was developed for these applications, because it does not require additional energy, needs no auxiliary power, is quite simple and reduces the weight the of heat exchanger. Therefore, it is widely used in modern heat exchangers and other cooling equipment [2] .
The grooves increase the surface area with a little change in diameter and potentially improves not only heat transfer, but also pressure drop. Many investigations have been done to improve the flow characteristics and friction around grooves [2] [3] [4] [5] [6] [7] [8] [9] . In past years, most researches focused on rectangular grooves [10] [11] [12] [13] [14] [15] [16] . Also studies on various shapes of grooves has been done to improve the flow and flow structure details [17] [18] [19] [20] .
Over the years, many researches on the fluid flow through the grooves and corrugated tubes and their influence on the heat transfer characteristics have been carried out [21] [22] [23] [24] [25] [26] [27] [28] . Although many researches have focused on the groove's shape and the flow structure correlated to a heat transfer enhancement on various applications, few have been done on the annulus of the heat exchanger. Thus, this study fills an important gap in the literature by demonstrating and describing the feasibility of these surface techniques for an annulus application. The specific objective and the scope of this presented work is to evaluate the performance of the heat transfer and to observe the flow phenomenon and friction through the grooved annulus in a double pipe heat exchanger.
Experimental apparatus and method
The sketch of the experiment apparatus for this investigation is shown in Figure 1 . The experiment apparatus was designed to determine the pressure drop, heat transfer and flow visualization. This study used a counter flow in flow direction and water as a working fluid. In counter flow heat exchanger, the hot side inlet temperature is in contact with the cold side outlet temperature and vice versa. The experiment installation consisted of two centrifugal pumps that circulates hot and cold water through a pipe system loop. Rotameter was installed for varying the volume flow rate of the hot and cold fluid. A minimum of 11 l/min was used and it was increased up to 15 l/min. This flowrate correlated to the Reynolds number Re of the annulus room that was about 31981 and 43610, respectively. Meanwhile, the Re for hot fluid was maintained constant at about 30904. The hot water temperature was 50 ± 0.50°C and the cold water temperature was 30 ± 0.5°C. The heat exchanger test section was a 50 cm long a tube diameter of 20 mm and a shell diameter of 28 mm. The tube was made of aluminium and the shell side was made of acrylic tube for easier flow visualization. The annulus room was etched by circumferentialrectangular grooves on outer surface of the tube side. The grooves were formed by a conventional etching technique. K-type thermocouples were used to measure the temperature of the inlet and outlet of the hot and cold fluid in the test section. The signal from thermocouple was then digitalized using a data logger and recorded in a computer memory for 600 s. Pressure transducers MPX 5050 D were used in the pressure measurement, which took place at the upstream and downstream of the annulus section with the sampling frequency of 10 Hz. Dyes were used as the media for visualization and recorded with a high speed camera at 240 fps.
Data processing
The aim of this current investigation is to determine the heat transfer characteristics and friction in a grooved annulus of a double pipe heat exchanger. The parameters of interest are the Reynolds number Re, friction factor f , heat transfer Q, NTU and effectiveness ε.
The Reynolds number is given by
The Hydraulic diameter of annulus is calculated from The friction factor f calculated from pressure drop as
The heat transfer, the heat transfer enhancement and heat capacity ratio defined as
The NTU and effectiveness follow
Uncertainity analysis
Experimental uncertainty was determined by the deviation of the parameters, including temperature, pressure, and flow rate. The precision of temperature data acquisitions is ±0.1°C, the pressure drop was measured by pressure transducers with the accuracy of ±2.5 %, the flow rate was measured by a rotameter with a full scale accuracy of ±5 %. The uncertainty of experimental results could be expressed as follows [29] :
therefore the experiment uncertainty was about 5 %
Results and discusscion
Preliminary experiments were done using the smooth annulus of a double pipe heat exchanger to determine the amount of the pressure drop. This data were then used as a comparison to that of the grooved annulus. Figure 3a shows the overall pressure drop of a double pipe heat exchanger at various values of Reynolds Number. From Figure 3a , it can be seen that the application of grooves on the annulus room of a double pipe heat exchanger leads to a substantial increase of pressure drop, about 15.82 % to 16.72 % compared to that of the smooth annulus. The grooves provided the enhancing turbulence by increasing the recirculation vol.
no. / Heat Transfer Enhancement and Pressure Drop region near the pipe wall. This phenomenon tends to increase the shear stress and the pressure drop. Figure 3a indicates linear pressure drop for increased Re of the annulus. The influence of using circumferentialrectangular grooves towards friction of the annulus is displayed in Figure 3b . In the Figure 3b , it can be seen that the application of grooved annulus tends to increase the friction factor when compared to the one of the smooth annulus. The friction factor decreases with the increasing Re. The friction loss is mainly caused by the increased surface area, higher recirculation intensity and stronger vortex flow around the groove (Figure 7 ). Figure 4 shows the total heat transfer by the heat exchanger for a period of time. It was found out that the heat transfer increased with the increase of the Reynolds number and the grooved annulus gave higher total heat transfer than the smooth annulus. From this figure, the heat transfer enhancements were calculated using (5) . The highest enhancement at the highest Re was observed at 1.11. The swirl flow on the fluid near the pipe wall generated by the groove was responsible for thinning the thermal boundary layer and made the heat transfer higher through the fluid.
The effectiveness and the NTU relationship of the investigation were presented in Figure 5 . Numbers 1 to 5 represent the heat capacity ratio c of this experiment at specific Reynolds number Re. The NTU and effectiveness ε of the grooved annulus were compared to that of the smooth annulus. It was found out that the heat capacity ratio influenced the NTU and effectiveness. Figure 5 shows that the increased heat capacity ratio caused a decrease in the NTU and effectiveness. At the same heat capacity ratio, the effectiveness and the NTU of the grooved annulus were higher than those of the smooth annulus. The increase of effectiveness is indicated by the increased rate of the actual heat transfer. While the increase of the NTU indicates an increase of the overall heat transfer coefficient and surface area U A value. The grooves lead to an increase of turbulence, therefore, the fluid interaction and momentum also increase. The effectiveness and the NTU of the grooved annulus were close to the results from [30] .
To give more detailed information about the heat transfer phenomenon in the grooved annulus, a visualization technique was developed. The flow structures over annulus were visualized using a dye technique to give more understanding about what happens inside the groove valley. The images were transferred to a computer for image processing and analysis as shown in Figures 6 and 7 . The small round shape is the fluid lump considered to be the vortex near the groove.
The change of the vortex dimensions indicates a change of the velocity gradient inside it. After 0.004 s, in the smooth annulus of the double pipe heat exchanger (Figure 6 ), there can be clearly seen that there is a small change of the vortex dimensions. This phenomenon indicates a small gradient of the fluid velocity in the annulus space.
However, in the case of the grooved annulus of a double pipe heat exchanger, the vortex dimensions became smaller and the vortices tend to fall into the groove valley. The vortices crept inside the valley and increased the velocity gradient and shear stress. The presence of a velocity gradient was proved by the value of pressure drop (Figure 3a) . It is well known that the pressure drop is proportional to the square of the velocity. This phenomenon increases the turbulence intensity, recirculation and fluid momentum. This process will lacerate the thermal boundary layer so that the obstacles of the heat transfer will be smaller. This phenomenon is increasing the heat transfer rate of the grooved double pipe heat exchanger.
Conclusions
An experimental investigation was carried out for a heat transfer enhancement, the NTU, effectiveness ε, pressure drop and flow visualization of a grooved annulus of a double pipe heat exchanger. The main scope of this study was to compare a grooved double pipe heat exchanger with a smooth double pipe heat exchanger. Moreover, new and simple flow visualizations were developed. The result can be summarized as follows:
(1.) The heat transfer increased with the increase of the Re. For the grooved double pipe heat exchanger, the heat transfer enhancement was about 1.09-1.11 and the pressure drop increased by about 15.82-16.72 %.
(2.) The effectiveness increased with the decrease of the heat capacity ratio and increased the NTU value.
(3.) Grooves influence the flow structure in the annulus of a double pipe heat exchanger. 
